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Introduction
Temperature and soil moisture directly influence the
activity of soil decomposers and are the most important fac-
tors affecting the rate of organic matter decomposition [1].
It has been suggested that the sensitivity of decomposition
to global warming may be latitude-dependent, with the
response to global warming being greater at higher than at
lower latitudes. These differences can have meaningful sig-
nificance because of large amounts of carbon stored in soils
of higher latitudes [2-4]. Mountain areas with vertical gra-
dients of temperature and precipitation provide an opportu-
nity to observe climate changes similar to those observed at
various latitudes. However, our previous study [5] on the
altitudinal transect in the Beskidy Mts indicated that the
altitude effect was significant for the organic layer respira-
tion rate but not for Q10 values (respiration rate change
between two consecutive temperatures). 
CO2 efflux from the soil is strongly influenced by soil
properties and the quality and quantity of organic substrates
[6]. A number of studies have shown that temperature sen-
sitivity of decomposition can vary depending on litter type
and decomposition stage, but investigating the temperature
sensitivity of different organic matter fractions has proven
difficult [7]. One idea is that a more chemically recalcitrant
organic matter fraction of deeper soil layers is relatively
more sensitive to temperature than the surface organic layer
[8-10], and thus is more important in the global carbon bal-
ance because it constitutes a larger pool of organic matter.
The higher thermal sensitivity of more recalcitrant com-
pounds of old organic matter may be caused by higher acti-
vation energy (Ea) required to break the chemical bounds
[11]. Some studies have shown that the upper soil layer
could be more sensitive to temperature changes [12, 13].
Elevated temperature may affect the size of available car-
bon pool for microorganisms, thereby shifting microbial
communities to be more adapted to higher temperatures
[14, 15]. 
It has been shown that soil processes in different
ecosystems are primarily a function of soil temperature [2,
9], but moisture level also controls soil respiration [16].
Nevertheless, studies of the effect of interaction between
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temperature and moisture on the respiration of soils from
altitudinal transects are limited. Knoepp and Swank [17]
found the significant effect of temperature and soil moisture
on nitrogen mineralization rates in soils from southern
Appalachian Mountains. Moreover, Powers [18] suggested
that soil moisture limited the nitrogen mineralization of low
elevated sites while temperature was the most important
factor for soil from high elevation. 
Despite an increasing number of studies on the impact
of temperature and moisture on soil organic matter decom-
position and carbon cycling in terrestrial ecosystems, there
are still substantial uncertainties about whether climate
change will shift ecosystems from being important carbon
sinks to carbon sources [19-21]. The aim of the present
experiment was to estimate the effect of different combina-
tions of temperature and moisture on the respiration rates of
forest organic matter originating from two soil layers (Olf,
Ofh) from stands at four altitudes (600, 800, 1,000, 1,200 m
a.s.l.) in the Beskidy Mts. The selected forest soils were
markedly different in organic matter layers that may repre-
sent two stages of litter decomposition. We hypothesized
that the sensitivity of respiration to changes in both climat-
ic parameters (temperature and soil moisture), measured as
Q10 coefficients, should differ between the soil from differ-
ent altitudes. We also wanted to check if the lower organic
layer with more recalcitrant organic matter fractions is
more sensitive to climatic changes than the upper layer. 
Materials and Methods
Study Plots and Soil Sampling
The study plots were situated along the altitudinal gra-
dient at 600, 800, 1,000, and 1,200 m a.s.l. in southern
Poland in the Beskidy Mts, part of the Western Carpathians,
in the study conducted in summer 2005. Three mountain
peaks at similar latitudes and of similar geological structure
were chosen: Polica (1,369 m a.s.l.) and Romanka (1,366 m
a.s.l.), both in the Beskid Żywiecki range and Radziejowa
(1,262 m a.s.l.) in the Beskid Sądecki range. Together
twelve plots were marked out (combinations of mountain
and elevation). Since mountain soil temperature and mois-
ture depend highly on the slope and insolation, all plots
were selected on north-directed slopes. All the mountains
are located on approximately the same E-W parallel and
were treated as experimental replicates. The differences in
mean annual temperature and precipitation between the
lowest and the highest plots of elevation gradient were
3.4ºC and 420 mm, respectively (Table 1). 
The plots at the three lowest altitudes are covered by 30-
40-year-old spruce forests mixed with beech, alder, and fir;
50-year-old spruce forests predominate on the plots at
1,200 m. The plant species composition of the forests at the
lower altitudes has been affected by human activities such
as nearby agriculture, pasturing, and collection of litter
from the forest floor [22]. The soils at the sampling plots
were generally podzol and brown earth. 
At each plot, ten samples from two distinguished humus
layers (Olf and Ofh) were collected at ten points 10 m apart
from each other, horizontally across the slope. The upper
layer Olf contains fragments of leaves and needles; organic
matter in the lower Ofh layer was completely shredded.
Soil organic layers (Olf and Ofh) were characterized by dif-
ferent thicknesses, ranging from 1 to 12 cm, depending on
plant cover. Soil samples were immediately sieved (1 cm)
to remove stones, roots, and the green parts of plants, thor-
oughly hand-mixed, and transported to the laboratory.
Effect of Temperature and Soil Moisture 
on Respiration Rate 
The soil dry weight was determined by drying three
subsamples (from each plot and each organic layer) at
105ºC for 24 h. The organic matter content was determined
as loss on ignition at 550ºC for 24 h. Water holding capac-
ity (WHC) was measured by the standard gravimetric
method with three replicates. 
The soil respiration rate was measured in equivalents of
10 g dry weight for the Olf layer and 20 g dry weight for
the Ofh layer, because of markedly lower soil organic mat-
ter content in Ofh layer. The samples were incubated at 5ºC,
15ºC, and 30ºC, and at three soil moisture levels: 15%,
75%, and 120% WHC in three climatic chambers (preci-
sion ±1°C). Sample moisture were kept constant by adjust-
ing weekly with deionised water. Altogether 648 samples
were used (combinations of mountain, altitude, OM layer,
temperature and soil moisture, with three replicates for each
treatment). During one day the respiration rate was mea-
sured in 108 samples. 
The respiration rate of each sample was measured
weekly for three weeks by trapping CO2 in 5 ml 0.2 M
NaOH in airtight glass jars. After incubation of the samples
in the closed jars for 12-48 h (depending on the incubation
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Table 1. Mean annual temperature and precipitation on plots on different mountain elevations.
Elevation (m a.s.l.) type of ecosystem mean annual temperature (ºC) mean annual precipitation (mm)
600 lower montane (mixed forest) 7.2 1000
800 lower montane (mixed forest) 5.8 1050
1,000 lower montane (mixed forest) 4.8 1250
1,200 upper montane (coniferous forest) 3.8 1420
temperature and soil moisture), 2 ml BaCl2 were added to
the NaOH solution, and the excess of sodium hydroxide
was titrated with 0.1 M HCl, in the presence of phenolph-
thalein as an indicator. Empty jars randomly distributed
among the others for each incubation temperature and
moisture were used as blanks. Between measurements the
jars were left open. The respiration rate for each sample
was expressed as mM CO2 per kg organic matter per 24 h.
At the end of incubation the organic matter content was
determined for each tested soil sample for accurate estima-
tion of the respiration rate of soil organic matter in each
sample.
The Q10 temperature coefficients were calculated using
the mean respiration rates measured at two subsequent
incubation temperatures: Q10L for the two lower tempera-
tures (5ºC-15ºC) and Q10H for the two higher temperatures
(15ºC-30ºC), at the different soil moisture levels. The Q10
coefficients were calculated for samples from each plot,
each organic layer, and each moisture treatment, using the
average respiration rates (R1 and R2) at the two consecutive
temperatures (T1 and T2) [23]:
Chemical Analyses
Chemical analyses were performed for soil samples
from each plot and organic layer. Soil pH was measured in
2 g subsamples shaken for 1 h in 20 cm3 deionized water or
1M KCl. The concentrations of nutrients (Ca, Mg, Mn, K,
Na, C, and N) in soil were also determined. Total Ca, Mg,
Mn, K, and Na were measured after wet digestion of 0.5 g
subsamples in 10 ml concentrated HNO3. Three blank sam-
ples and three replicates of standard certified material (Rye
grass, PROMOCHEM, GmbH) were analyzed with each
set of samples. Ca, K, and Na were measured by emission
flame spectrometry (JENWAY, PFP 7), and Mg and Mn by
flame atomic absorption spectrometry (PERKIN-ELMER,
AAnalyst 800). Total C (carbon) and N (nitrogen) contents
were analyzed with a CHNS analyzer (Elemental Analyzer
GmbH, Vario EL III). 
Statistical Analysis
Two-way ANOVA was used to test for differences in the
physicochemical parameters between organic matter layers
(Olf, Ofh) and elevations (600, 800, 1,000, 1,200 m a.s.l.),
and the interactions between them. The measured parame-
ters included OM content, pH in water, and pH in KCl, con-
centrations of Ca, Mg, Mn, Na, K, and N, and C:N ratios.
When differences were found, the means were compared
using Tukey’s test and the results were considered signifi-
cant at p<0.05. Non-significant interactions (p>0.05) were
removed from models. To satisfy ANOVA model assump-
tions, we log-transformed Mn concentrations to normalize
the data. 
Multifactor ANOVA was applied to test the significance
of the effects of elevation, organic layer, incubation temper-
ature, and moisture, and the interactions between them, on
the log respiration rate. Multifactor ANOVA was applied to
estimate the influence of elevation, organic matter level,
temperature ranges, and moisture, and the interactions
between them, on the log Q10 coefficients. When differences
were found, the means were compared using Tukey’s test
and the results were considered significant at p<0.05. Non-
significant interactions (p>0.05) were removed from mod-
els. To satisfy ANOVA model assumptions, we log-trans-
formed respiration rate and Q10 values to normalize the data. 
Simple regressions were applied to test the relationships
between Q10 values and C:N ratios under different moisture
conditions. When a statistically significant relationship was
obtained, regression lines were compared to test the rela-
tionships between Q10 values and C:N ratios at lower and




The organic matter content differed significantly between
both studied organic layers (p<0.0001) (Table 2), but the
effect of elevation and of the interaction between elevation
and organic layer were not significant. Organic matter con-
tent was higher in the Olf layer at all altitudes. Elevation
exerted a significant effect on pH in water (p<0.02) and pH
in KCl (p<0.04), while the organic layer and the interaction
between elevation and organic layer had no significant
effect on pH. There were no differences in Ca, Mg, K, and
Na concentrations between organic layers or between ele-
vations, and there was no significant effect of the interac-
tion between them. Only elevation significantly affected
log(Mn) concentration (p<0.02). The organic layer had a
significant effect on N concentration (p<0.007), but the
effect of elevation and the interactive effect were not sig-
nificant. The C:N ratio varied between organic layers
(p<0.05) but not between elevations, and the effect of inter-
action between them was not significant.
Respiration Rate and Q10 Values
The mean respiration rate ranged from 2.68 mmol CO2
kg-1 OM 24 h-1 (Radziejowa Mt., 1,200 m a.s.l., Ofh layer,
5ºC and 120% WHC) to 74.99 mmol CO2 kg-1 OM 24 h-1
(Radziejowa Mt., 800 m a.s.l., Olf layer, 30ºC and 75%
WHC). Multifactor ANOVA for the log respiration rate
showed a significant effect of elevation (p<0.0001), organ-
ic layer (p<0.0001), incubation temperature (p<0.0001) and
soil moisture during incubation (p<0.0001) (Fig. 1A).
There were significant interactions between elevation and
organic layer (p<0.0001), between temperature and organ-
ic layer (p<0.0003), and between temperature and moisture
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The mean values of the Q10 coefficients ranged from
1.28 (Olf layer, 1,000 m a.s.l., incubation temperature range
15-30°C, 120% WHC) to 3.67 (Ofh layer, 1,200 m a.s.l., 5-
15°C, 120% WHC). Multifactor ANOVA for the log Q10
values showed a significant effect of incubation tempera-
ture range (p<0.0001), moisture level (p<0.0002), and
organic layer (p<0.0001) (Fig. 2). The elevation had no sig-
nificant effect (p>0.1) and no significant interaction was
found. The calculated mean values of Q10L were signifi-
cantly higher than the mean values of Q10H. This means
that acceleration of the decomposition rate was higher in
the 5-15°C range than in the 15-30°C range. The mean Q10
value for the Ofh organic layer was significantly higher
than for Olf. This means that the respiration rate of organic
matter from the Ofh layer was more sensitive to tempera-
ture changes than that of the Olf layer. For both layers the
mean Q10 values for 15% moisture were higher than for
75% or 120% WHC. 
The relationship between log Q10 values and C:N ratios
was significant only under moderate moisture conditions
75% WHC (p<0.03) (Fig. 3A). In this case comparison of
the regression lines for the relationship between Q10L, Q10H
and the C:N ratio showed that Q10L was higher than Q10H
(Fig. 3B). In these moisture conditions, the calculated
model was significant at p<0.001 and the intercepts were
different, but there were no differences between slopes. 



















































Table 2. Main properties of Olf and Ofh forest organic layers



















Values are means±SD (n=3)
1) As percent of dw.
2) As parts per million dw.
Different subscripts letters denote differing elevation (ELEV)
or organic matter layer (OML) effect on particular soil proper-
ties. Statistical significances of main effects are shown below

































































Fig. 1. A) Effect of elevation (n=54), organic matter layer (n=108), incubation temperature (n=72), and incubation moisture (n=72) on
log respiration rate. Central points indicate the sample means, and error bars indicate 95% Tukey HSD intervals. Different letters above
bars indicate significant differences.
B) Interaction effects on log respiration rate between elevation and organic matter layer, between temperature and organic matter layer,
and between temperature and moisture. 
A) B)
Discussion
Soil Chemical Properties along the Elevation
Gradient and in Organic Matter Layers
Although the plant species at the studied sites differed
to some extent, there were no significant differences in the
concentrations of nutrients such as Ca, Mg, K, and Na
between elevation or between the organic layers. Only Mn
concentration and soil pH (measured in water and in KCl)
differed significantly between altitudes, but not between
the Olf and Ofh layers. The Olf and Ofh layers differed sig-
nificantly only in the organic matter content and in nitro-
gen concentration and thus the C:N ratio. Contrary to
expectations, we did not find significant differences in
organic matter content and C:N ratio along the 600 m ele-
vation gradient, characterized by less than 4ºC degree dif-
ference in annual mean temperature. The lack of the sig-
nificant relationship between altitude and organic matter
parameters despite the observed changes in plant composi-
tion along the mountain elevation gradient, could be
caused by man-made influence on floristic composition at
the studied sites. The increase of spruce admixture with
elevation may cause differences in the chemistry of soil
organic matter, in particular by increasing the recalcitrant
litter fraction, as waxes, resins and lignin, and by reducing
pH as observed in this study. In fact, similar co-variation is
found in a parallel climatic gradient [24]. The C:N ratio
differed significantly between organic layers, and was
lower in the bottom (Ofh) layer. The decreasing values of
C:N ratios down the soil profiles was found also by [25]
and [26]. 





















Fig. 2. Effect of temperature range (n=72), moisture (n=48),
and organic matter layer (n=72) on log Q10 values. Central
points indicate the sample means, and error bars indicate 95%
Tukey HSD intervals. Different letters above bars indicate sig-
nificant differences.
Fig. 3. A) Relationship between log Q10 values for respiration
rate at 75% WHC and soil C:N ratios (n=38). The model was
significant at p<0.03.
B) Comparison of regression lines between log Q10 values for
respiration rate at lower (L) and higher (H) temperature range
and C:N ratios at 75% WHC moisture level (n=38). Model was
significant at p<0.0001; the intercepts of regression lines for





Respiration rate is significantly dependent on temper-
ature; increasing temperature enhanced the respiration
rate of samples from all tested elevations and from both
tested organic layers. Temperature could affect the soil
respiration rate by altering the microbes’ metabolism, bio-
mass and/or community structure [27]. In the laboratory
analysis of the soils, respiration was significantly depen-
dent on soil moisture. The respiration rates were low at
15% and 120% WHC (dry and very wet conditions) and
significantly higher at 75% WHC. Similar effects of tem-
perature and soil moisture on respiration rates have been
reported [1, 20, 28]. In fact, in wet and warm conditions
(120% WHC and 30ºC) the anaerobic atmosphere might
cause the release of methane in addition to carbon diox-
ide. Methane emission was not measured in this study, but
the observed effect of the interaction between temperature
and moisture effect on soil respiration rate might have
been due to it. Furthermore, we did find that the tempera-
ture-moisture interactions significantly affected the soil
respiration rate. This means that an increase in soil tem-
perature may enhance microbial activity unless limited by
soil moisture conditions. The significant effects of tem-
perature and temperature-moisture interaction on soil
activity measured as nitrogen mineralization was shown
previously [17].
Additionally, significant interactions in respiration rate
were found between elevation and organic layer and
between temperature and organic layer. The interaction
between temperature and organic layer indicates that high-
er temperature is needed to decompose more complex
chemical compounds in the more decomposed Ofh layer.
The respiration rate calculated per unit of organic matter
(kg) was significantly lower in the Ofh than in Olf layer.
Similar results were obtained by [29]. The lower respiration
rate of Ofh than Olf layer indicated that the deeper layer
represented the more recalcitrant organic matter fraction.
But, it was stressed that old soil C is not always recalcitrant
itself [7]. Unfavorable conditions such as physical and
chemical protection, drought, flooding, and freezing, may
prevent it from decomposition [10]. Also, the lower soil res-
piration rates in samples from 1,000 and 1,200 m a.s.l. may
indicate poorer substrate quality or less favourable climatic
conditions. Soil organic matter decomposition is carried on
mainly by microorganisms, so low microbial community
activity reflect these poorer-C and colder climatic condi-
tions. 
The plot of the interaction between elevation and organ-
ic layer shows an exceptionally high respiration rate for the
upper organic matter layer (Olf) from 1,200 m a.s.l., while
the respiration rate for the Ofh layer at the same elevation
was very low. We have no clear explanation for this phe-
nomenon. It might be due to high mean nutrient concentra-
tions (Mg, K, Na), but high variability caused the differ-
ences between the Olf and Ofh layers at 1,200 m a.s.l. site
to be insignificant (Table 2).
Factors Affecting Soil Thermal 
Sensitivity (Q10)
Apart from the absolute differences in respiration rates,
we compared the temperature increase effect as Q10 coeffi-
cients. In our experiment, 2.22 was the average Q10 value,
as in our previous research on soil organic matter from
almost the same mountain elevation transect employing
four different temperatures with only the optimal soil mois-
ture level [5]. The sensitivity of soil respiration to tempera-
ture changes frequently has been described as the Q10 coef-
ficient, but cases examined in terms of moisture depen-
dences are rather scarce. Raich and Schlesinger [30] found
that soil respiration rate increased with temperature, with a
Q10 coefficient close to 2.4 for temperate regions. Lenton
and Huntinford [31] reviewed a series of studies to show
that most frequent Q10 ranged between 2 and 3. The sensi-
tivity of the soil respiration rate to temperature, as
expressed by the Q10, is not constant across the range of
temperatures, given a lower Q10 coefficient at the highest
temperature (e.g. 2). In the present study the Q10 values
were also higher in the lower (5ºC-15ºC) than in the upper
temperature range (15ºC-30ºC). 
There are some reports that Q10 values may depend on
soil moisture [28, 32]. Also, in our study soil moisture
affected the Q10 values. The Q10 values were the highest in
dry conditions, for soil maintained at 15% WHC. It should
be stressed here that Q10 values describe relative changes in
the respiration rate from one temperature to the next. Going
to optimal temperature while keeping the same soil mois-
ture parameter may enhance the respiration rate, at least for
some groups of microbes that can metabolize in dry condi-
tions. Our result differed from those obtained by [32],
which found that Q10 values increased with volumetric soil
moisture. However, we applied a much wider scale of soil
moisture. 
Although significant decreases of soil microbial activi-
ty (respiration rate) along the elevation gradient were found
in laboratory measurements, this difference of altitudes had
no significant effect on Q10 coefficients. As in our previous
study, respiration rate differed between elevations, but Q10
coefficients did not [5]. The thermal sensitivity of soil
organic matter originating from slightly colder and more
humid climate zones was similar to that of samples from
lower (i.e. warmer and dry) part of the mountains in spite of
extreme differences in soil water regime. 
The Q10 coefficients differed between organic layers,
with the bottom (Ofh) layer being more temperature-sen-
sitive than the Olf layer. These results agree with a theory
of activation energy. Differences in the thermal sensitivi-
ty of different soil horizons have been reported before, but
the results and conclusions in the literature are not consis-
tent. Conen et al. [33] did not find differences between
soil sensitivity to temperature for young and old soil car-
bon from cereal fields. It was proven that surface organic
How Decomposition of Organic Matter from Two Soil... 1235
matter was more sensitive to temperature than the deeper
layers of forest or grassland soils [12, 13, 34].
Furthermore, other studies showed that more decomposed
organic matter may be more temperature-sensitive [8, 25].
We compared also the dependence of Q10 on soil organic
matter quality in different moisture conditions, expressing
soil quality as continuous changes of C:N ratios. Those
ratios depend on the decomposition stage as well as the
initial properties of litter, although using C:N ratio as a
measure of soil organic matter quality is to some extent a
simplification. Anyway, C:N ratios have recently been
suggested as indicators of carbon sequestration potential
in soils [35]. Soil organic matter consists of an unusual
variety of compounds with different chemical characteris-
tics and physical availability. However, using even such a
simple index of soil quality seems to be more suitable than
assuming equal sensitivity of whole soil C-pool [36]. The
values of C:N ratios in the examined Olf and Ohf organic
layers overlapped. The relationship between Q10 and the
C:N ratios in particular moisture conditions was signifi-
cant only at 75% WHC, the most optimal soil moisture for
respiration rate, when Q10L and Q10H decreased with
increasing C:N ratio. This indicates the important role of
organic matter quality and nutrient availability for soil
microorganisms [37]. Carbon substrate quality is not a
sole factor influencing the temperature sensitivity of
SOM. In natural systems the relationship between tem-
perature sensitivity of decomposition and carbon avail-
ability may be obscured by complex interactions between
temperature and a range of other biological factors influ-
encing the rate of decomposition, e.g. activity of soil
fauna [38]. Especially in sub-optimal moisture conditions,
SOM quality may determine also other soil properties that
allow appropriate use of water and access to oxygen [39].
Conclusions
We showed that even such a short altitudinal gradient
(600 m) influences soil microbial activity. While soil sen-
sitivity to climatic factors did not differ significantly
between the stands from different altitudes, at each altitude
the respiration of lower organic layer Ofh was more sensi-
tive to temperature changes than respiration of the upper
Olf layer. The differences between Q10 values suggest that
climatic warming with different magnitudes of precipita-
tion may have stronger effect on the respiration of the
deeper organic layer containing a larger pool of recalcitrant
carbon than the upper layers. Thus, there is a continuing
need for careful, detailed investigations of the dependence
of soil biological reactions to temperature and soil mois-
ture changes. The changes not only in microbial activity
but also in microbial community structure need to be stud-
ied, particularly in terms of the different fractions of soil
organic matter, as soil consists of an unusual variety of
compounds with different chemical characteristics and
physical availability.
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